Agricultural waste must be managed effectively to protect surface and groundwater resources, as well as human health. Constructed wetlands can provide a low-cost environmentally acceptable method for the treatment of agricultural wastewater. An ionic tracer (Lithium chloride [LiCl]) and a biotracer (a naladixic acid-resistant strain of Escherichia coli) were injected into six pilot-scale constructed wetlands treating dairy wastewater: three surface-fl ow (SF) wetlands and three subsurfacefl ow (SSF) wetlands. Each wetland was 3.9-m long and 1.7-m wide. Residence time distribution functions were calculated for each wetland to investigate the hydraulic behaviour of each system during winter and summer conditions. During the summer study, the mean residence times for SF wetlands 2, 4, and 6 were 12, 16, and 14 days, respectively, while the mean residence time for SSF wetlands 1, 3, and 5 were 23, 18, and 22 days, respectively. The longitudinal dispersion coeffi cients were in the order of 10 -6 m 2 ·s -1 for each wetland during the summer and winter. The mean residence time for SF wetlands 2, 4, and 6 during the winter study were 8, 10, and 10 days, respectively, while the mean residence time for SSF wetlands 1, 3, and 5 were 8, 9, and 10 days, respectively. E. coli effl uent peaks often occurred prior to Li peaks, suggesting that bacteria may be motile within the wetland environment. This study suggests that dispersion is an important mass transport process in both SF and SSF wetlands. Long-term operation of SF and SSF treatment wetlands may cause reduced retention times and treatment effi ciency due to organic matter accumulation and channelling. Cold winter temperatures may also increase the survival of bacteria within treatment wetland systems, decreasing the wetland's ability to reduce bacteria concentrations during the winter months.
Introduction
Natural wetlands are located in a number of topographical areas, all of which are fl ooded during the majority of the year. Wet conditions create a favourable environment for an abundance of biological activity. Wetlands are capable of degrading many waterborne contaminants such as those found in agricultural wastewater (Kadlec and Knight 1996) . Agricultural wastewaters contain a number of pollutants such as bacteria, pathogenic microorganisms, biochemical oxygen demand (BOD), pesticides, and nutrients, all of which have great potential to degrade water quality (Kadlec and Knight 1996) .
Constructed wetlands, which mimic natural wetlands, have proven to be effective for wastewater treatment (NRCS 2002) . Studies have demonstrated that although treatment effi ciencies may vary, constructed wetlands are capable of treating agricultural wastewater year-round, even in cold climates (Smith et al. 2005) . They are also considered to be a viable treatment option, especially where other conventional methods are not suitable (Karathanasis et al. 2003) .
Tracer studies can generate valuable information that helps describe the hydraulics of constructed or natural wetlands. This aids in the prediction of wetland treatment (Hodgson et al. 2004) . Flow paths and velocities, retention times, and dispersion in ground and surface water systems are often determined by injecting a conservative chemical tracer or dye (Dierberg and DeBusk 2005) . Lithium chloride (LiCl) has been used as a conservative tracer in previous studies to determine the hydraulic retention time of large lakes (Nickus and Thies 2001) , and to assess the hydraulics of treatment wetlands (Rash and Liehr 1999; Dierberg and DeBusk 2005) . Dierberg and DeBusk (2005) concluded that LiCl behaves more conservatively than rhodamine within vegetated wetlands. In their study, photolysis and sorption losses of lithium throughout the wetland were less than rhodamine losses. The amount of tracer recovered varied, but the overall recovery did not affect the accuracy of key hydraulic parameters (Dierberg and DeBusk 2005) .
Biological tracers have been used to investigate the behaviour of bacteria and viruses within ground and surface water systems. Of specifi c interest when investigating waste-receiving waters is the naladixic acidresistant strain of Escherichia coli (E. coli NAR). E. coli NAR behaves similarly to other strains of E. coli, but it occurs rarely in the environment (Shadford et al. 1997 ). E. coli NAR has been isolated and used as a biotracer in several studies within river systems (Jamieson et al. 2005) , septic systems (Shadford et al. 1997) , and agricultural watersheds (Joy et al. 1998) . To date, however, it has not been applied to wetlands that are used for wastewater treatment. Performing a conservative chemical and E. coli NAR tracer study simultaneously can provide useful information on the wetland's hydraulics and E. coli transport processes.
This paper presents E. coli NAR and Li tracer data obtained from summer and winter tracer studies performed within six pilot-scale treatment wetlands in Truro, Nova Scotia in 2005. The objective of this study was to assess E. coli transport within surface-fl ow (SF) and subsurface-fl ow (SSF) wetlands receiving dairy wastewater, and to determine the wetlands' hydraulic characteristics (mean residence time and longitudinal dispersion coeffi cient). Seasonal variability and the differences between the SF and SSF wetlands were also examined.
Materials and Methods

Experimental Facility
The six pilot-scale constructed wetlands that were utilized for this study are located at the Bio-Environmental Engineering Centre (BEEC) in Truro, Nova Scotia. They included three SF wetlands and three SSF wetlands that are contained within concrete foundations. Each wetland was 3.9-m long and 1.7-m wide, and each was protected by a greenhouse cover for gas emission monitoring (Fig.  1 ). The SF wetlands contain two deep zones (0.8-m deep) separated by a shallow zone (0.15-m deep), and the SSF wetlands were fi lled with 0.65 m of washed gravel (2-cm diameter; 39% porosity) and 0.1 m of pea stone (41% porosity). Cattails were planted in June 2005 within the SSF wetlands and within the shallow zones of the SF wetlands. Each wetland was loaded with approximately 100 L of dairy wastewater daily, resulting in a theoretical hydraulic retention time of about 20 days. Inlet fl ow was regulated using a peristaltic pump calibrated by pump time, and outfl ow was measured by tipping buckets wired to a Campbell Scientifi c data logger. Daily evapotranspiration rates were determined by monitoring the relative humidity above the inlet and outlet of each wetland while air was forced through the greenhouse cover at a rate of 30 m 3 ·s -1 . Wastewater fl ow rates are summarized in Table 1, and Table 2 lists the average contaminant concentrations for the infl uent dairy wastewater.
Tracer Study Procedures
The following procedures were performed for both summer and winter tracer studies. An E. coli NAR broth culture was prepared by inoculating 200 mL of tryptic soy broth with E. coli NAR. The soy broth contained a 200 mg·L -1 concentration of naladixic acid for the selective growth of E. coli NAR. The culture was incubated at 37°C and agitated at 200 rpm for approximately 16 h; a 20-mL sample of the broth culture was measured, using a sterile pipette, into seven 500-mL sample bottles. The culture was then diluted with tap water to fi ll a 500-mL bottle. One bottle was analyzed to determine the initial E. coli NAR concentration, and the other six were used as tracers. The initial concentration of E. coli NAR during the summer study was 8x10 8 colony forming units (CFU) per 100 mL, and 6x10 8 CFU per 100 mL for the winter study.
Seven LiCl solutions were prepared in sample bottles by mixing 10 g of LiCl with 100 mL of deionized water. One solution was saved to measure the initial Li concentration, and the other six were used as tracers.
The winter tracer study commenced on 12 December 2005 and the summer tracers were introduced on 18 August 2005. The LiCl and E. coli NAR solutions were injected into the inlet pipe of the six wetlands. A high pressure hose was used to fl ush the tracers down the inlet pipes, directly into the wetlands. Approximately 1.5 L of fl ushing water was used for each wetland. Effl uent samples were collected daily for the fi rst week, and then three times per week for an additional two weeks. Samples were taken during the summer study from 18 August 2005 through 20 October 2005, and samples were taken during the winter tracer study from 12 December 2005 through 2 January 2006. Fewer samples were taken during the winter study because E. coli NAR effl uent concentrations dropped off more quickly than in the summer. Results from the summer provided information with respect to appropriate sampling frequencies.
Samples were analyzed for concentrations of Li and E. coli NAR. The Li concentrations were measured using an Atomic Absorption (AA) Spectrometer with a detection limit of 0.01 mg·L -1 . Effl uent samples were analyzed for E. coli NAR using the membrane fi ltration technique (APHA 2000) . The E. coli NAR were enumerated using HACH m-ColiBlue24 broth during the summer tracer study. Difco mTEC agar was used during the winter tracer study. Both the m-ColiBlue24 broth and the mTEC agar were spiked with 200 mg/L of naladixic acid. Plates were incubated at either 35°C (m-ColiBlue24) or 44°C (mTEC) for 24 h, and then plate counts were performed.
M-ColiBlue24 broth spiked with naladixic acid achieves the selective growth of E. coli NAR; however, total coliforms may also appear. mTEC promotes the selective growth of E. coli only. When the summer tracer study was complete, a laboratory experiment was performed to test each selective growth medium (m-ColiBlue24 and mTEC). Both plate counts produced similar results (within the same order of magnitude), but colonies on the mTEC plates were more visible and therefore easier to count. The mTEC agar eliminates the possibility for total coliform growth; therefore, mTEC agar was used during the winter tracer study.
Calculations
The Li data obtained from both studies were used to determine the mean hydraulic residence time for each wetland. The function E(t) represents the residence time distribution (RTD) function which describes the amount of time that a particular fl uid element spends in the system (Fogler 1992 
(1) C(t) represents the effl uent tracer concentration at time t, and the integral in the denominator is the area under the C(t) curve. The mean residence time, t m, can then be calculated by taking the fi rst moment of the RTD function, as follows:
Variance (σ 2 ), or the square of the standard deviation, was then calculated to obtain a measure of the degree of "spread" of the data distribution. Variance (σ 2 ) was determined by taking the second moment about the mean residence time (Fogler 1992) :
Variance was calculated for each wetland, and was then used to calculate a dispersion coeffi cient (D). Variance as calculated above is in units of time; this must be converted to variance in space before calculating longitudinal dispersion coeffi cients (Apello and Postma 1994) :
where x is the total length of the wetland (3.9 m).
Variance in space was then used to calculate a longitudinal D (D L ) for each SF and SSF wetland (Apello and Postma 1994) :
The amount of tracer that was recovered from each wetland was calculated for the summer and winter studies. Tracer concentrations were assumed to be constant throughout the day. The tracer concentration data and daily fl ow volumes (Q) were used to calculate the mass of tracer that was recovered (MR) during each study:
Simpson's rule was used for the integration technique (Fogler 1992) . Figure 2 displays the E. coli NAR observed data from the summer (a) and winter (b) studies. E. coli NAR concentrations in the effl uent are presented in CFU 100 mL -1 . Fig. 2 . E. coli NAR effl uent tracer concentrations with time for SF wetlands 2, 4, and 6, and SSF wetlands 1, 3, and 5; (a) summer study (b) winter study.
Results & Discussion
Time series plots of Li concentrations within the wetland effl uent during the summer (a) and winter (b) studies are provided in Fig. 3 . Table 3 displays the mean residence time and dispersion coeffi cients that were calculated for each SF and SSF wetland during the summer and winter tracer studies.
The percent mass recoveries associated with Li and E. coli NAR from each wetland during the summer and winter studies are presented in Table 4 .
E. coli NAR
During the summer study, E. coli NAR fi rst appeared in effl uent samples after 3 and 4 days in the SF wetlands, attributed to a longer retention time, increased die-off, and removal mechanisms within the SSF wetlands. peak within the SF wetlands; the wastewater fl ow would encounter fewer obstacles within the SF wetland than the SSF wetland. Flow through the SSF wetlands must follow a tortuous path through the porous media, which can explain the lag in E. coli NAR peak concentrations. The E. coli NAR would also experience increased die-off because of the extended retention time within the SSF wetlands, hence the lower peak concentrations. Because the cattails were not well established, the SSF wetlands would provide more effi cient removal mechanisms than the SF wetland. Pores within the pea stone and gravel in the SSF wetland create an ideal environment for trapping suspended solids, and E. coli tend to associate with solid particles (Jamieson et al. 2005) . In summary, the lower E. coli NAR effl uent concentrations observed may be moved more quickly than Li towards the outlet, hence the earlier peak concentrations. This presents a complex challenge for wetland design and modelling bacteria transport. The percent of E. coli NAR tracer that was recovered during the summer and winter studies was very low (Table 4 ). E. coli NAR losses may be attributed to the wetland's removal mechanisms that can include natural die-off, or adsorption of bacteria to solid particles which then become trapped or settle from the water column. During both the summer and winter studies, the percent recovery was higher within the SF wetlands compared with the SSF wetlands (Table 4 ). This calculation supports the observations discussed previously. The SSF wetlands were more effi cient for removing bacteria because they experienced longer retention times and likely trapped more solid particles compared with the SF wetlands. A higher percentage of the biotracer was recovered during the winter study than during the summer. Increased recovery during the winter may be due to reduced inactivation because of colder temperatures, shorter retention times, and short-circuiting.
Utilizing different enumeration techniques for E. coli NAR during the winter and summer tracer studies may also be a source of discrepancy within this data, however, differences should be minor because the mTEC and m-ColiBlue24 plates produced similar counts when compared in a lab test.
Lithium
The summer Li data distribution [ Fig. 3(a) ] is similar to the E. coli NAR data distribution [ Fig. 2(a) ]. Lithium effl uent concentrations peaked earlier and higher within the SF wetlands during the summer study. Li was fi rst detected on days 1 and 2 in the SF wetland effl uent during the summer study. Li concentrations peaked in SF wetlands 2, 4, and 6 on days 9, 11, and 11 at 0.527 mg·L -1 , 0.325 mg·L -1 , and 0.323 mg·L -1 , respectively. Although these peak Li concentrations occurred on days 9 and 11 within the SF wetlands, the peaks were spread out [see Fig. 3(a) ]. Li concentrations within the effl uent from SF wetlands 2, 4, and 6 reached 0.46 mg·L -1 , 0.2 mg·L -1 , and 0.3 mg·L -1 on days 2, 5, and 3, respectively. These wide peaks within the SF wetlands during the summer study indicate substantial mixing. Li effl uent concentrations peaked lower and later within the SSF wetlands during the summer study. SSF wetlands 1, 3, and 5 peaked at days 17, 13, and 13 at 0.168 mg·L -1 , 0.199 mg·L -1 , and 0.076 mg·L -1 , respectively. The SSF wetlands experienced more pronounced peaks than the SF wetlands during the summer study. Li was fi rst detected in SSF wetland effl uent on days 11 and 12. This suggests that the hydraulic retention time was shorter within the SF wetlands than the SSF wetlands during the summer tracer study. This observation is consistent with the E. coli NAR data from the summer tracer study.
Again, the Li data from the winter study is similar The relationship between wetland types is not so obvious within the winter tracer study data. E. coli NAR effl uent concentrations peaked within the SF and SSF wetlands at approximately the same time during the winter study (Fig. 2) . SSF wetlands 1, 3, and 5 peaked on days 4, 4, and 6 at 36,000, 72,000, and 86,000 CFU per 100 mL, respectively. SF wetlands 2, 4, and 6 peaked on days 4, 4, and 5 at 112,000, 36,000, and 190,000 CFU per 100 mL, respectively. In winter, both SF and SSF wetlands showed higher peak E. coli NAR effl uent concentrations than during the summer study. Inactivation of E. coli NAR proceeds according to fi rst-order kinetics, which decrease with lower temperatures (Schnoor 1996) . This may explain the elevated E. coli NAR effl uent concentrations observed during the winter study; winter temperatures were 10 to 15°C lower than summer temperatures (Fig.  2) . Earlier and elevated peaks suggest the SF and SSF wetlands experienced reduced retention times during the winter study. Average outfl ow volumes from the SF and SSF wetlands were similar during the summer and winter tracer studies (Table 1 ). The actual volume available for fl ow through the wetlands may have been reduced due to accumulation of solids within the wetlands. Earlier and elevated peaks would be expected because a reduced volume within both the SF and SSF wetlands would shorten the hydraulic retention time.
E. coli NAR effl uent concentrations peaked before Li concentrations within wetlands 1, 3, 4, and 5 during the summer tracer study, and within wetlands 1, 2, 3, and 4 during the winter tracer study. E. coli can be motile, propelled by rotating fl agella, are able to sense attractants and repellents, and move to a more favourable environment by chemotaxis (Sourjik 2004) . It is possible that E. coli NAR were motile within the wetlands and the summer study. The mean residence time for the SF wetlands averaged 14 days, while the SSF wetlands averaged 19 days. The lower E. coli NAR effl uent concentrations within the SSF wetlands can be attributed to longer retention times and therefore increased die-off and/or removal.
The mean residence times calculated for the winter study were not as representative of wetland type when compared with the summer study. The average retention time for the SSF wetlands was 9.9 days, while the SF wetlands averaged 9.2 days. These calculations also agree with the observations discussed previously in the E. coli NAR and Li sections. The mean residence times for the SF and SSF wetlands were approximately the same. This may be caused by a reduction in wetland volume due to cattail growth and/or accumulation of solids. The elevated E. coli NAR and Li effl uent concentrations observed during the winter tracer study can be attributed to the shorter retention times. ET rates did not likely have a signifi cant effect on the RTD functions because outfl ow volumes were similar between the summer and winter studies (Table 1) .
Dispersion coeffi cient, D.
Dispersion is a measure of the rate of mass transport due to mixing within a waterbody (Schnoor 1996) . In Table 3 , the longitudinal dispersion coeffi cients that were calculated for each of the SF and SSF wetlands (based on the summer and winter tracer study data) are shown. The dispersion coeffi cients ranged from 1.3x10 -6 to 4.2x10 -6 m 2 ·s -1 for the SF and SSF wetlands during the summer tracer study. Dispersion was slightly higher within the SF wetlands during both the summer and winter studies. During the winter tracer study, dispersion coeffi cients ranged from 8.7x10 -7 to 2.3x10 -6 m 2 ·s -1 . This range of dispersion coeffi cients is typical for the vertical transfer of particles within lakes (Schnoor 1996) . These nonideal hydraulic characteristics indicate that dispersion is an important transport process within SF and SSF wetlands. Mass transport within rivers is driven by advection, or the movement of water (Schnoor 1996) . Advective velocity within treatment wetlands is relatively low; low fl ow conditions within the wetlands may explain the dispersive properties of the system. Many wetland models consider advective transport only: for example, the plug fl ow model (Kadlec and Knight 1996) . Purely advective models should be considered inaccurate for modelling mass transport through low fl ow treatment wetlands.
Conclusions
Difco mTEC agar was found to be better than m-ColiBlue24 for enumerating E. coli NAR because total coliform growth was eliminated and colonies were more visible with the mTEC.
Dispersion is an important mass transport process in both SF and SSF treatment wetlands. Dispersion coeffi cients were slightly higher within the SF wetlands to the E. coli NAR observed data (Fig. 3) . SF wetlands 2, 4, and 6 peaked on days 4, 6, and 5 at 1.125 mg·L -1 , 0.703 mg·L -1 , and 1.19 mg·L -1 , respectively. SSF wetlands 1, 3, and 5 peaked on days 6, 5, and 6 at 2.06 mg·L -1 , 1.47 mg·L -1 , and 1.38 mg·L -1 , respectively. All wetlands (SF and SSF) showed peak Li effl uent concentrations at approximately the same time during the winter study. Peak Li concentrations are much higher than those observed during the summer study. As discussed previously in the E. coli NAR section of this report, these elevated peak concentrations can be attributed to channelling and/or a reduced hydraulic retention time. Li effl uent concentrations were slightly higher within the SSF wetlands than the SF wetlands during the winter study. This may indicate that the SSF wetlands experienced more channelling than the SF wetlands. This is possible since the accumulation of solids within the SSF wetlands would have more infl uence on fl ow patterns than within the SF wetlands. The accumulation of solids within the SSF wetlands would fi ll void spaces that are necessary for treatment and distribution of fl ow. If void spaces become clogged with solids, the wastewater fl ow may become restricted and a preferential path could form. Channelling or short-circuiting may have caused the elevated peaks and shorter retention times during the winter tracer study. Rash and Liehr (1999) found that short-circuiting is common in SSF wetlands.
The mass recovery associated with Li was higher within the SF wetlands during the summer study. During the summer study, 83 to 145% of Li was recovered from the SF wetlands, while only 11 to 31% was recovered from the SSF wetlands (Table 4 ). Li concentrations were assumed to be constant with fl ow throughout the day, and concentrations were assumed to follow a straight line between data points. This simple estimation procedure may explain the percent mass recovery of 144 that was calculated for SF wetland 2 ( Table 4 ). The large amount of Li that was lost within the SSF wetlands during the summer study may have been caused by Li adsorbing to organic matter. The crushed rock and pea stone could have provided space for trapping organic material and Li particles. A higher percentage of Li was recovered within the SSF wetlands during the winter study; this supports the idea that the SSF wetlands experienced shorter retention times due to short-circuiting. Adsorption sites within the SSF wetlands were likely exhausted and shorter retention times would have increased Li recovery during the winter study. Percent recovery decreased slightly within the SF wetlands during the winter study. Accumulating solids within the SF wetlands may have created additional adsorption sites for Li particles during the winter study. Table 3 , the calculated mean residence time for each wetland during the summer and winter studies are presented. The results support the observations and discussion regarding the E. coli NAR and Li RTD functions. The SSF wetlands experienced longer retention times than the SF wetlands during during the summer and winter studies. When modelling or designing treatment wetland systems, dispersion processes should be considered important.
Mean residence time, t m . In
Bacteria removal within a treatment wetland system may be attributed to natural inactivation or adsorption to solid particles, which can then become trapped or settle from the water column. SSF treatment wetlands may achieve more effi cient removal of bacteria during the fi rst few months of operation compared with the SF wetlands. Long-term operation of SF and SSF treatment wetlands may cause a reduction in wetland volume due to the settling of solids or clogging of pore spaces. This can cause reduced retention times and create channelling or short-circuiting, which will reduce treatment effi ciency. SSF wetlands may be more susceptible to channelling or short-circuiting due to the accumulation of solids within pore spaces.
Modelling bacteria transport through treatment wetlands presents a complex challenge because E. coli may be motile within wetlands. Winter conditions may also reduce SF and SSF treatment wetland effi ciency because of reduced inactivation of bacteria in colder temperatures.
Additional studies should be performed to further investigate the impacts of wetland type and maturity, and climate conditions on treatment wetland effi ciency.
